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1.  INTRODUCTION 


The  National  Defense  Authorization  Act  for  FY  1 987 1  requires  that  ail  major  weapon  systems 
undergo  live-fire  testing  (LFT)  prior  to  entering  full-scale  production.  The  intent  is  to  establish  the 
baseline  for  either  system  response  to  expected  threats  (vulnerability)  or  the  effectiveness  of  an  offensive 
weapon  against  a  particular  class  of  targets  (lethality).  Planning  for  the  Abrams  Live-Fire  program 
began  late  in  1985  and  culminated  in  a  series  of  48  firings  in  the  period  between  July  1987  and  July 
1988. 

The  Abrams  LFT  Program  was  preceded  by  testing  of  a  number  of  other  systems  including  the 
Ml  13  Personnel  Carrier  and  the  Bradley  Fighting  Vehicle  (M2/3).  As  such,  considerable  experience 
had  been  gained  both  in  testing  procedures  and  pre-  and  post-shot  modeling  practice.  It  had  become 
clear  to  vulnerability  workers  at  the  BRL  that  the  extant  vulnerability  tools  were  inadequate  to 
describe  vehicle  damage  in  a  manner  consistent  with  the  field-assessment  process.  To  remedy  this 
shortcoming,  the  BRL/VLD  developed  a  new  stochastic  point-burst  vulnerability  code  called  SQuASH 
(Stochastic  Quantitative  Analysis  of  System  Hierarchies),2’3  in  which  the  following  parameters  are 
varied  in  a  Monte  Carlo  replication  of  warhead/target  encounters:  lj  slight  variability  in  hit  location, 
2)  warhead  depth-of-penetration,  3]  deflection  of  residual  penetrator,  4)  spall  generation,  and  5) 
individual  component-kill  assessment. 

SQuASH  was  used  to  predict  48  shots  in  the  Abrams  LF  program.  Both  subjective  and  statistical 
tests  have  been  performed  in  an  effort  to  compare  field  observations  with  computer  predictions.  These 
comparisons  have  been  made  both  for  component  damage  as  well  as  Mobility-,  Firepower-  and 
Catastrophic-Kill  criteria  and  will  be  summarized  below. 

Just  as  with  prior  point-burst  models  and  LFT  assessments,  substantial  subjectivity  exists  in  four 
areas:  a]  the  identification  of  system-critical  components,  b]  the  binning  of  partially  functioning  (post¬ 
shot)  components  into  kill/no-kill  categories,  cj  the  characterization  of  component  interconnectivity  via 
the  fault  tree  synthesis  and  d)  the  Damage  Assessment  List  (DAL)  mapping  process  (by  which  M-  and 
F-Ivill  values  are  inferred).  In  order  for  comparability  to  exist  between  field  tests  and  computer 
simulations,  LFT  observations  must  be  assessed  within  the  same  analytical  paradigms  of  a]  through  d). 

In  Reference  3  much  of  the  background  of  LFT  was  described  and  many  of  the  algorithmic  details 
of  the  SQuASH  model  were  presented.  Familiarity  with  that  work  may  aid  in  the  understanding  of 
these  results.  In  the  present  paper  extensive  elucidations  of  the  operational  aspects  of  SQuASH 
including  the  means  of  predicting  damage  are  eschewed;  rather,  a  detailed  bottom-up  description  is 
given  of  the  vulnerability  assessment  process.  This  process  begins  with  the  characterization  of 
individual  component  damage,  moves  through  a  system  of  detailed  faulUree  analyses,  and  finally  to 
the  Mobility  and  Firepower  Loss-of-Function  (LoF)  calculations. 

As  each  step  in  the  process  is  described,  the  necessary  similitude  between  model  representation  and 
actual  field  assessment  will  be  emphasized.  SQuASH  outputs  include  a  series  of  statistical  estimates  of 
warhead  penetration  performance,  individual  component  probability-of-kill  (PIv)  and  component 
damage-state  vectors.  Various  statistical  tests  have  been  applied  to  the  field  data  vis-a-vis  the  model 
statistics.  We  will  describe  the  tests  and  state  our  current  conclusions  concerning  them. 


1  Live  Fire  Testing,  National  Defense  Authorization  Act  for  FY  1987,  contained  in  Chapter  139,  Section  2366  of  Title  10, 
United  States  Code. 

2.  A.  Ozolins,  Stochastic  High- Resolution  Vulnerability  Simulation  for  Live-Fire  Programs,  The  Proceedings  of  the  Tenth 
Annual  Symposium  on  Survivability  and  Vulnerability  of  the  American  Defense  Preparedness  Association,  held 
at  the  Naval  Ocean  Systems  Center,  San  Diego,  CA,  May  10-12,  1988. 

3  Paul  11  Deitz  and  Aivars  Ozolins,  Computer  Simulations  of  the  Abrams  Live-Fire  Field  Testing.  Proceedings  of  the  XXVII 
Annual  Meeting  of  the  Army  Operations  Research  Symposium,  12-13  October,  1988,  Ft.  Lee,  VA;  also  Ballistic 
Research  Laboratory  Memorandum  Report  BRL-MR-3755,  May  1989. 
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2.  COMPONENT  DYSFUNCTION 

Consider  an  Armored  Fighting  Vehicle  (AFV)  component  characterized  by  a  Loss-of-Function  (LoF) 
on  the  interval  (0.0, 1.0)  where. 

0.0  <  LoF  <  1.0 

Zero  (0.0)  LoF  means  a  component  is  operating  at  normal  design  (pre-shot)  specifications.  Complete 
(1.0)  LoF  means  there  is  no  component  capability.  The  notion  of  :t  (one-dimensional)  LoF  is  quite 
natural  for  describing  a  component  with  a  single  functional  characterization  such  as  a  pump  or  electric 
generator:  here  the  ability  to  pump  fluid  or  induce  current  flosv  can  be  described  on  a  (single) 
normalized  interval.  After  being  struck  by  one  or  more  fragments,  some  classes  of  components  might 
be  operational  in  a  partially  functioning  state:  in  the  case  of  a  pump,  maybe  it  can  supply  fluid  at  half 
the  normal  rate  so  that  its  LoF'  would  take  the  value  0.5.  For  this  class  of  components,  the  LoF'  may 
reflect  any  value  in  the  interval. 

Most  classes  of  components  exhibit  LoFs  which  are  Bernoulli  in  nature;  that  is.  they  either  operate 
fully  or  not  at  all.  An  example  of  such  a  component  might  be  a  portion  of  a  fire-control  system  with 
optical  elements.  Such  a  component  might  be  able  to  absorb  fragments  up  to  certain  mass  velocity 
combination  and  sufTer  no  damage  until  a  certain  threshold  is  reached.  Then  an  optical  element  breaks 
and  the  component  utterly  fails.  Such  a  component  would  then  have  only  two  possible  states:  0.0  and 
1.0. 

We  also  note  that  in  the  case  of  complex  components  which  must  perform  multiple  functions,  the 
use  of  a  one-dimensional  LoF  characterization  can  represent  an  unrealistic  simplification.  Such  a 
situation  occurs  in  the  description  of  personnel  vulnerability  to  striking  fragments.  For  people,  the 
term  LoF  is  exchanged  for  Level  of  Incapacitation  (Lol),1  but  the  notion  is  similar.  And  in  such  a  case, 
various  combinations  of  limb,  torso  and  head  trauma  might  possibly  map  to  the  same  Lo!  and  yet 
reflect  entirely  different  operational  capability  (e  g.  ability  to  view  a  battlefield  and  passively  direct  fire 
over  a  radio  vice  maneuver  a  vehicle  slowly  through  the  use  of  hand-controls  only).  Thus  the  first  step 
in  the  critical  problem  of  characterizing  the  potential  loss  of  components  is  to  relate  various  threat 
conditions  (fragments  masses  velocities,  blast  levels,  etc.)  to  (normalized)  LoFs. 

Flowever  for  vulnerability  analyses  such  as  SQuASH.  component  characterization  must  be  Bernoulli 
in  nature,  i.e.  functional/non-functional.  Thus  in  a  conceptual  sense,  a  minimum  performance 
threshold  for  each  component  must  be  applied  against  a  LoF  following  interaction  with  a  threat  If  the 
LoF  is  sufficiently  small  that  this  threshold  is  at  most  equaled,  the  component  is  considered  fully 
functioning  (or  alive),  tf  not.  it  is  considered  killed. 

This  process  thus  yields  a  crisp  binary  decision  process  for  each  component  and  can  be  characterized 
by  a  single-pole,  single-throw  (SPST)  electrical  switch  (either  closed  alive'  or  open  nonfunctional  )  as 
in  F'ig.  1.  This  concept  of  the  behavior  of  individual  components  becomes  the  basis  upon  which  the 
analyses  of  the  functionality  of  systems  and  sub-systems  of  the  vehicle  are  based  and  ultimately  the 
notions  of  Firepower  and  Mobility  Kills. 

To  summarize,  component  dysfunction  can  be  characterized  by  the  following  steps: 

1.  Let  a  defined  threat  (fragment,  blast  wav  etc.)  interact  with  a  given  component 

2.  Characterize  any  reduction  in  component  capability  on  a  normalized  interval  as  a  Loss-ot-F  unction 

3.  Bin  the  (possibly  continuous)  Lol  into  crisp  Kill  No-Kill  binary  states 

All  point-burst  codes  accomplish  such  characterization  through  the  notion  of  component  conditional 
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Closed  Switch  — ►  Live  Component 


Open  Switch  — *■  Killed  Component 


Figure  1.  All  components  of  an  Armored  Fighting  Vehicle  (AFV)  start  in  a  working  state 
indicated  here  as  a  closed  single-pole,  single  throw  (SPST)  switch.  After  interaction  with  a 
threat,  if  the  functionality  of  the  component  is  insufficient  to  support  a  minimal 
capability,  the  component  is  considered  killed  and  the  switch  is  opened. 


kill  probability  or  component  Probability  of  Kill,  given  a  Hit  (PKu)-  Whether  such  a  process  uses 
fragment  mass 'velocity  ■  shape-factor/orientation  or  the  notion  of  lethality',  the  component 
analysis  effectively  concatenates  all  three  steps  into  one. 

-  CAVEATS  RE:  COMPONENT  DYSFUNCTION  - 

•  Components  with  complex  or  multimodal  capability  may  not  be  well  described  by  a  one¬ 
dimensional  Loss-of-Funetion. 

•  The  LoF  interval  may  be  continuous  or  discrete. 

•  The  threshold  for  minimal  component  operation  (to  be  considered  non-killed)  is  likely  to  be  a 
function  of  a  specific  mission  requirement.  Thus  a  component  with  a  fractional  LoF  might  be 
"alive"  in  one  scenario  while  "killed"  for  another. 

3.  SINGLE-SYSTEM  FAULT  TREE 

The  analytical  determination  of  whether  a  particular  system  (or  sub-system)  is  functional  starts 
with  connecting  all  of  its  components  together  in  the  form  of  a  series/parallel  circuit.  These  circuits 
are  normally  called  fault  trees  and  an  example  is  given  in  Fig.  2.  Before  a  shot  occurs,  all  switchs  are 
closed  (fully  operational).  After  a  live-fire  shot,  some  components  may  have  lost  enough  capability  to 
be  defined  as  killed  (switch  open).  Three  components  are  killed  in  this  example.  The  bold  line  shows 
the  (single)  functional  path  through  this  system,  so  this  system  is  considered  fully  functional. 

-  CA  VEA  TS  RE:  FA  ULT-  TREE  DEVELOPMENT  - 

Note  well,  this  process  gives  rise  to  a  number  possible  sources  of  subjectivity  both  in  the  analysis  and  in 
the  field  assessment:  for  example: 

•  What  constitutes  a  switch  (i.e.  component)? 

The  subjectivity  here  has  two  parts;  how  is  the  component  defined,  and  is  the  component  critical  to 
system  effectiveness?  Only  the  critical  components  define  the  circuit. 

•  What  constitutes  a  proper  subsystem  definition? 

Clearly  considerable  subjectivity  enters  into  this  decision  process  as  well. 

4.  CRITICALITY  ANALYSIS  FOR  AN  AFV 

A  complete  criticality  analysis  of  an  AFV  consists  of  the  determination  of  1  which  components,  if 
lost,  might  result  in  a  reduction  of  system  mobility  or  firepower  capability  and  2  the  structuring  of 


$r.p  Reference  3.  Section  VI..  for  a  discussion  of  thp  PKs  used  in  the  SQuASH  model 


Figure  2.  An  example  of  a  fault  tree  used  in  vulnerability  analysis.  Parallel  components 
exhibit  redundancy;  series  components  do  not.  An  overall  system  is  either  fully  functional 
-  at  least  one  unbroken  path  exists  from  top  to  bottom,  or  is  killed  -  no  unbroken  path 
exists. 


those  "critical"  components  into  fault  trees  as  described  above.  In  the  case  of  the  Abrams  tank,  the 
criticality  analysis  resulted  in  the  generation  of  76  individual  fault  trees  built  from  approximately  750 
critical  components. 

-  CAVEATS  RE:  CRITICALITY  ANALYSIS  — 

The  issues  here  are: 

•  What  sub-set  of  AFV  components  should  be  classified  as  critical? 

•  What  n  fault  trees  constitute  a  proper  representation  of  the  AFV? 

In  addition  to  the  unavoidable  subjectivities  connected  with  this  process  it  is  further  critical  that  both 
the  live-fire  field-assessment  process  and  the  live-fire  modeling  process  use  the  identical  fault-tree 
framework.  Otherwise  there  is  no  comparability  between  the  two  processes  and  thus  no  basis  for 
comparing  field  and  predicted  results. 

-5.  J.  J.  Ploskonka.  T.  M.  Muehl.  C.  J  DivHy.  Criticality  Analysis  of  the  MlAl  Tank.  Ballistic  Research  Laboratory 
Memorandum  Report  BRL-MR-3071.  June  1088 


5.  VULNERABILITY  MODELING  &  LIVE-FIRE  TESTING 


The  analytical  estimation  of  vehicle  \  ulnerability  and  the  assessment  of  a  live-fire  test  are  both 
characterized  by  a  two-step  process: 

+ 

•  STEP  1:  Fire  a  warhead  against  the  target  and  observe  which  switches  are  thrown  open  by  the 
event. 

At  this  stage,  we  first  predict  (or  observe)  whether  the  munition  breached  the  armor  (perforation)  and 
with  what  residual  energy:  then  examine  the  effects  of  that  residual  energy  on  individual  components, 
compile  the  resultant  state  of  all  of  the  critical  components,  and  decide  whether  the  vehicle  suffered 
total  irreparable  damage  (catastrophic  failure  or  K-kill). 

•  STEP  2:  Take  the  switch  states  together  with  the  fault-tree  logic  and  process  this  information  in  a 
precisely  consistent  (but  possibly  subjective)  fashion  ;o  infer  one  or  more  Yleasures-of-Fffertiveness 
(MoEs). 

For  armored  fighting  vehicles,  t he  MoEs  are  characterised  in  terms  of  loss  of  the  vehicle's  primary 
functions:  Mobility  (M  LoF).  Firepower  (F  LoF),  and  the  greater  of  the  two.  Mobility  Firepower  (M  F 
LoF). 

-  CAVEAT:  MODEL  VS.  FIELD  DATA  - 

•  If  both  the  field  and  modeling  processes  differ  in  the  precise  processing  phases  of  STEPS  1  &  2. 
then  comparability  is  lost. 

5.1  Observations  re:  STEP  1: 

If  there  are  n  switches  (critical  components)  represented  in  the  criticality  process,  then  there  exist  2n 
possible  unique  switch  (damage)  states.  However.  LF  damage  is  typically  constrained  to  localized 
regions  of  an  AFV.  Thus,  for  a  single  shot,  only  a  subset  of  all  critical  components  are  candidates  for 
damage.  This  reduces  significantly  the  potential  number,  but  from  the  results  of  the  current  model, 
our  simulations  typically  reveal  ~  10  distinct  component  damage  states  for  a  given  shot. 

If  the  criticality  analysis  and/or  component  (binary)  kill  assessments  are  inconsistent  between  the 
modeling  process  and  live-fire  field  assessments,  then  there  is  no  basis  for  comparability  between  the 
test  results  and  model  predictions. 

5.2  Observations  re:  STEP  2: 

The  process  of  Step  2  currently  involves  the  Damage  Assessment  List  (DAL).3  The  DAL  contains  a 
listing  of  some  150  major  components/ AFV  systems.  If  a  single  major  component  or  system  is 
nonfunctional  following  a  shot,  then  the  Nl-  and  F-LoF  values  are  given  directly  by  the  DAL.  If  two  or 
more  major  components  systems  are  nonfunctional.  LoF  values  for  each  are  extracted  via  the  DAL  and 
survived  +  to  get  single  M-  and  F-LoF  values.  Typically  the  M-  and  F-LoF  values  resulting  from 
STEP  2-processing  are  binned  into  twenty  intervals.  Since  the  damage  state  dimensionality  resulting 
from  STEP  1  is  ~  106.  agreement  between  predicted  and  field-derived  LoFs,  even  if  processed  by  the 
■same  methods,  does  not  imply  validation  or  even  support  calibration. 


x  STEP  I  and  STEP  2  <'an  b<*  related  identically  to  the  mapping  p joc^ssas  shown  in  Fig.  2.  Ref  d.  STEP  ]  her**  is  the 
mapping  process  from  Space  i:  to  S'pac**  •>;.  STEP  2  h^r^  is  th**  mapping  process  from  Space  *J'  to  Sr  ace  A 

t  Th**  Survivor  Rule  states  that  the  overall  LoF  of  an  AFV  consisting  of  n  independent  systems  eacl  with  its  own  LoF.  is  giv*n 
by 


LoF 


1  - 


1  —  LoF,  X  1  —  LoF,  x  ■  •  ■  1  —  LoFn 


6.  EXAMPLES  OF  SQuASH  OUTPUT 

Figure  3  gives  a  view  of  the  computer  model3  of  the  M1A1  looking  at  the  front-left  of  the  vehicle 
For  this  display  the  armor  and  main  armament  have  been  removed  to  reveal  some  of  the  interior 
details  of  the  computer  description.  This  modeling  effort  has  produced  one  of  the  largest  target- 
description  files  ever  assembled,  consisting  of  over  5000  objects.  In  addition  to  this  high  level  of 
geometric  modeling  required  for  the  Abrams  Live-Fire  Program,  the  stochastic  nature  of  the 
calculations  leads  to  a  complex  set  of  outputs  which  can  best  be  displayed  in  the  for it^  of  summarizing 
tables  and  histograms.  The  samples  of  these  outputs,  given  in  the  APPENDIX,'  exemplify  this 
complexity.  Briefly,  they  show: 

•  A  histogram  of  residual  armor  penetration  for  1000  computer  replications  of  a  warhead  armor 
encounter. 

•  The  SQuASH  prediction  for  all  critical  components  killed  on  at  least  one  of  the  1000  replications. 

•  Listings  of  component-damage  states  for  several  important  classes  of  critical  components.  They  are 
ranked  according  to  expected  frequency  of  occurrence. 

•  Distributions  of  Mobility.  Firepower,  and  Mobility /Firepower  LoF.  plus  probability  of  Catastrophic 
Kill  (Iv-Kill ). 


7.  COMPARISONS:  ABRAMS  TESTS/SQuASH  PREDICTIONS 

In  the  following  sections  we  discuss  comparisons  between  these  predictions  and  the  results  of  the 
Abrams  Live-Fire  Tests.  In  order  to  keep  these  discussions  unclassified,  various  detail  will  necessarily 
be  omitted. 

7.1  Perforation 

Does  the  attacking  munition  succeed  in  perforating  the  armor  of  the  vehicle?  The  answer  to  this 
question  becomes  a  first-level  input  to  an  estimate  of  the  vulnerability  of  a  tank.  Of  the  48  shots  fired, 
in  25  tests  (52pr)  the  perforation  results  were  predicted  exactly  by  SQuASH;  that  is  for  each  encounter 
either  all  1000  replications  predicted  penetration  and  penetration  was  observed  in  the  test  or  none  of 
the  1000  simulations  predicted  penetration  and  the  field  test  did  not  result  in  penetration.  In  43  (90^) 
of  the  shots  fired,  the  field  outcome  occurred  in  consonance  with  the  larger  percentage  of  computer 
predictions.  Three  of  the  shots  were  predicted  by  SQuASH.  however,  not  as  the  most  likely  outcome 
having  probabilities  of  occurrence  of  0.36,  0.34,  and  0.23.  Only  two  (4%)  of  the  shots  were  not 
predicted  by  SQuASH.  One  shot  gave  a  result  not  predicted  because  the  round  happened  to  pass 
through  a  component  that  was  not  modeled  in  the  computer  target  description.  SQuASH  failed  to 
predict  '  the  perforation  outcome  of  the  other  shot,  due  to  incomplete  information  about  the 
performance  of  that  munition. 

W  hen  input  data  is  adequate,  the  model  seems  to  predict  warhead/armor  penetration  well. 

7.2  Catastrophic  Kill 

To  produce  a  Catastrophic  Kill  (K  Kill),  the  munition  must  cause  damage  that  is  irreparable  on  the 
battlefield  and  renders  the  vehicle  completely  incapable  of  carrying  out  its  mission.  In  every  case 
SQuASH  predicted  as  the  most  likely  outcome  the  K-Kill  result  observed  in  the  field.  SQuASH  also 
reminded  us  that  for  certain  shots  the  complementary  outcome  might  have  occurred  if  the  field  sample 
size  had  been  larger. 


*  These  figures  and  tables  were  taken  from  Ref.  3. 

6.  C'.  d.  Dively.  S  l..  Henry.  ,1.  II  Suckling,  J.  H  Smith.  W.  E.  Baker,  D  \V.  Webb  and  P.  II  r>  •  • '  z .  A  hr  a  ms  Liv'-Firt  Ti?t 
Program:  Comparison?  llilwnn  SQuASH  Predictions  and  Field  Outcome?  IV).  Ballistic  lic-'-.iri  li  Laboratory  Special 
Publication.  BRL-SP-81.  September  198'J.  SECRET. 


6 


Figure  3.  View  of  the  MlAl  produced  by  the  computer  description.  The  armor  and  main 
gun  have  been  removed  to  reveal  the  level  of  interior  detail.  This  description  contains 
some  5000  objects  of  which  approximately  750  are  critical  components. 


7.3  Component  Kill  Assessment 

As  discussed  in  the  Component  Dysfunction  Section,  all  component,  outcomes  are  characterized  as 
Bernoulli  trials,  i.e.  functional  nonfunctional.  For  each  field  shot  (each  vector  element),  a  probability 
of  killing  the  given  component  is  computed  equal  to  the  mean  of  1000  SQuASII  Monte-Carlo 
replications.  Using  these  18  probabilities,  and  assuming  statistical  independence  of  the  field  results,  an 
empirical  distribution  of  the  vector  is  obtained  by  computing  all  possible  outcomes  The  Ordering  of 
Probabilities  (OP)  Test1  is  used  to  determine  the  p-value  within  that  distribution  The  p-valne  reflects 
the  probability  of  realizing  the  observed  live-fire  vector  or  any  vector  less  likelv  than  the  one  observed. 
A  p-value  of  less  than  0  01  indicates  that  the  field  outcome  resulted  in  a  rare  vector  and  causes 
rejection  of  the  hypothesis  that  the  model  output  is  consistent  with  the  field  data. 

7.3.1  Initial  Individual  Component  Assessment:  Due  to  the  time  constraints  for  analyzing  the 
Live-Fire  data,  only  twenty-six  of  the  components  have  been  analyzed  to  date  for  consistency  with  the 
model  predictions.  These  components  were  chosen  based  upon  their  relative  importance  to  vehicle 
Loss-of-Function.  Table  I  gives  a  listing  by  system  of  the  components  examined. 

Table  I.  Components  Evaluated  and  Grouped  by  System 


Components  Evaluated 

Group  1  -  Other 

Group  4  -  Armament 

receiver- transmitter 

commander’s  control  panel 

intercom  amplifier 

gunner’s  primary  sight 
gunner’s  auxiliary  sight 

Group  2  -  Crew 

commander’s  gps  ext. 

commander 

hydraulic  reservoir 

gunner 

main  hydraulic  pump 

loader 

race  ring 

driver 

slip  ring 
main  gun 

Group  3  -  Electrical 

turret  networks  box 

ammo 

hull  distribution  box 

Group  5  -  Propulsion 

hull  networks  box 

driver’s  master  panel 
alternator 
power  turbine 
air  cleaner 

electronic  control  unit 
transmission  main  body 
fuel 

These  26  components  over  the  48  tests  produce  1248  comparisons  between  the  model  predictions 
and  the  field  results.  Of  these.  060  (78rr)  were  complete  matches.  A  complete  match  occurs  when  all 
1000  SQuASH  outcomes  predict  the  observed  field  outcome.  Thirty-six  (3r<)  of  the  comparisons 
resulted  in  complete  mismatches;  that  i-.  SQuASH  never  in  its  1000  replications,  predicted  the 
component  damage  observed.  The  remaining  243  (I0rc)  comparisons  were  broken  down  by  threat  and 
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component  into  34  statistical  tests.  The  OP  Test  was  applied  to  these  groupings.  Twentv-two  (65^)  of 
these  tests  accepted  the  hypothesis  that  SQuASH  predicted  the  component  PK  correctly.  The 
remaining  12  (SoPe)  failed  the  test  for  consistency. 

Combining  the  complete  matches  and  those  components  subjected  to  the  OP  Test,  we  get  a  OO^o 
consistency  in  predicting  individual  component  PKs  for  the  twenty-six  components  evaluated. 

SQuASH  had  the  most  difficulty  predicting  damage  to  cables.  The  twenty-six  components 
evaluated  above  did  net  include  cables.  It  is  not  surprising  that  SQuASH  would  have  difficulty 
predicting  damage  to  cables  since  they  have  a  very  small  presented  area  and  the  shotlines  are  infinitely 
thin.  An  analysis  of  all  components  is  needed  to  assess  fully  SQuASH’s  ability  to  predict  component 
damage. 

7.3.2  Initial  Ranking  of  Component  Discrepancies:  Table  II  summarizes  the  components  having 
three  or  more  mismatched  shots,  i.e.  where  <  25%  of  the  SQuASH  outcomes  predict  the  field  result.  It 
was  noted  that  crew  members  were  four  of  the  top  five  components  having  significant  mismatches. 
Investigation  of  the  crew  data  revealed  an  incompatibility  betu-een  the  field  data  collected  and  the  data 
expected  by  SQuASH.  As  noted  above  (Section  2.),  the  SQuASH  model  performs  a  binning  of  all 
components  following  a  shot  into  crisp  kill/no-kill  states.  However  in  the  case  of  the  LF  personnel 
data,  the  original  assessments  were  based  on  the  notion  of  continuous  fractional  incapacitation  (0.0  < 
LoF  <  1.0).  This  incompatibility  results  in  incomparable  data  for  the  individual  crew  components, 
component  damage  states,  and  the  Mobility-.  Firepower-  and  Mobility/ Firepower  Loss-of-Function 
measures  of  effectiveness. 

Table  II.  Components  Showing  Three  or  More  Mismatched  Shots 
of  the  Twenty-Six  Components  Investigated 


Component 

Number  of 
Mismatches 

Number  of 
Complete 
Mismatches 

Gunner 

10 

4 

Gunner’s  Primary  Sight 

8 

6 

Driver 

7 

6 

Commander 

7 

2 

Loader 

5 

3 

Main  Hydraulic  Pump 

4 

4 

Hydraulic  Reservoir 

4 

3 

Main  Gun 

4 

1 

Turret  Networks  Box 

J 

3 

0 

7.3.3  Revised  Individual  Crew  Data:  In  order  to  make  comparisons  on  how  well  the  SQuASH 
model  predicts  crew  incapacitation,  we  must  first  have  comparable  scoring  between  the  model  and  the 
field  results.  Since  SQuASH  expects  components  to  be  either  functional  or  nonfunctional  after  a  shot, 
we  asked  the  organization  responsible  for  personnel  vulnerability  to  convert  the  fractional 
incapacitations  observed  in  the  field  into  these  categories.  An  assumption  had  been  made  originally 
that  if  the  loss  of  function  was  greater  than  zero  the  crew  member  was  totally  incapacitated  (old  bins). 
The  personnel  vulnerability  experts  categorized  fractional  incapacitation  greater  than  or  equal  to  0.75 
as  nonfunctional  (new  bins).  Table  III  reports  the  agreement  between  SQuASH  and  the  field  data  using 
both  the  old  bins  and  the  new  bins  Although  the  SQuASH  model  does  agree  more  with  the  field  data 
in  predicting  crew-  incapacitation,  we  believe  that  there  are  other  factors  that  need  to  be  investigated 
for  all  components. 


Table  III.  Improvement  in  Predicting  Crew  Based  on  Binary  Field  Data 


OLD  BINS" 

NEW  BINS* 

RESULTS 

54% 

59% 

Complete  match 

27% 

29% 

Most  likely  outcome  predicted  by  SQuASH 

10% 

9% 

Not  most  probable  outcome,  not  a  rare 
event  (probability  >  0.05) 

01% 

06% 

Subtotal 

3% 

2% 

Rare  event  (probability  -  0.05) 

7% 

2% 

Complete  mismatch 

9% 

4% 

Subtotal 

+  If  LoF  '>  0.0,  Outcome  =  Total  Incapacitation 
*  If  LoF  >  0,75,  Outcome  =  Total  Incapacitation 


7.3.4  Component  Damage  States:  On  a  given  shot,  damage  of  components  is  not  independent. 
Predicting  individual  component  damage  over  a  set  of  tests  gives  no  indication  of  how  well  we  predict 
component  damage  state  or  loss  of  vehicle  functions.  All  vulnerability  measures  derived  from  field  tests 
are  a  function  of  the  component  damage  state  of  the  vehicle  since  that  is  the  field  observable.  Because 
of  the  dependency,  the  distribution  of  component  damage  state  must  be  derived  through  a  Monte  Carlo 
process  using  SQuASH.  The  critical  components  were  grouped  by  system  categories  (Crew,  Major 
Electrical,  Armament,  Propulsion  and  Other)  because  the  vehicle-wide  damage  state  distribution 
in  many  cases  was  too  large  to  compute  even  using  the  Cray-2.  For  each  live-fire  shot,  a  Monte  Carlo 
process  was  invoked  (1000  replications)  using  SQuASH.  The  results  were  used  to  derive  the  empirical 
distributions  for  the  (five)  sub-system  component-damage  states.  The  field  result  from  each  test  and 
for  each  of  the  five  system  categories  (48  X  5  =  240)  was  then  compared  with  the  empirical 
distribution.  If  the  probability  of  observing  the  field  result  within  the  empirical  distribution  was  less 
than  5%,  the  hypothesis  that  the  SQuASH  model  correctly  predicted  the  component  damage  state  was 
rejected.  This  procedure  is  detailed  in  the  Modified  Ordering  of  Probabilities  Test.8  Since  SQuASH  oniv 
printed  the  200  most  frequent  damage  states  and  occasionally  the  number  of  outcomes  exceeded  this 
number,  there  were  14  cases  where  conclusions  could  not  be  drawn;  42  (19%)  out  of  the  226 
comparisons  resulted  in  rejection.  That  is.  SQuASH  predicted  component  damage  state  consistently 
with  the  field  results  in  81%  of  the  cases  tested. 

7.3.6  Revised  Crew  Component  Damage  States:  The  above  analyses  on  component  damage 
states  was  based  upon  the  old  bins  for  the  crew  members.  Rebinning  the  data  using  the  0.75 
incapacitation  criteria,  we  find  that  SQuASH  improves  at  predicting  crew  component  damage  a-  shown 
in  Table  I\  .  The  percentage  of  rare  events  (probability  of  occurrence  <  0  05)  decreases  from  27'  i  to 
18%  in  predicting  crew  component  damage  state  over  all  48  tests. 


8  Davi<i  \V.  \VpM>.  A  Modification  to  the  Ordtr  by  Probability  I  OP/  Pror?  Hurt .  BnlliMie  Re-*enrcli  l.ahornt  or\  Trchntrnl 
Report,  To  be  PuMishM. 
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Table  IV.  Improvement  in  Predicting  Crew  Component  Damage  State 


OLD  BINS* 

NEW  BINS* 

OBSERVED  FIELD  OUTCOME 

33% 

35% 

Predicted  on  all  1000  SQuASH  replications 
(Complete  Match) 

27% 

31% 

Most  likely  outcome  predicted  by  SQuASH 

! 

co  I 

15% 

Not  most  likely  outcome,  but  not  a  rare 
event  (probability  >  0.05) 

73% 

81% 

SUBTOTAL 

4% 

8% 

Rare  event  (probability  <  0.05) 

23% 

10% 

Never  predicted  in  the  1000  SQuASH  replications 

27% 

18% 

SUBTOTAL 

If  LoF  >  0.0,  Outcome  =  Total  Incapacitation 
*  If  LoF  >  0.75,  Outcome  =  Total  Incapacitation 


7.3.6  Analysis  of  Loss-of-Functions  M-,  F-  and  M/F  LoFs  have  not  yet  been  analyzed  using  the 
new  binning  for  crew  members.  Analysis  of  LoF  for  the  old  bins  confirmed  the  SQuASH  predictions  for 
Mobility  Kills  in  41  (85%)  of  the  48  shots.  The  field  results  confirmed  the  SQuASH  predictions  for 
Firepower  Kills  in  16  (33%)  of  the  48  shots.  Because  many  different  component  damage  states  can  map 
into  the  same  LoF.  agreement  here  is  not  a  sufficient  condition  to  infer  consistency  of  the  SQuASH 
predictions.  This  is  a  case  where  it  is  possible  to  get  the  right  answers  for  the  wrong  reason.  SQuASH 
is  a  component-level  model  and  if  the  component  damage  state  predictions  agree  with  the  observed  field 
data  it  necessarily  implies  agreement  of  the  LoF  measures.  That  is,  agreement  of  component  damage 
states  is  both  a  necessary  and  sufficient  condition  to  validate  the  models.  LoF  analyses  are  summarized 
here  only  to  give  a  complete  accounting  of  the  usual  vulnerability  measures  reported. 

7.3.7  Secondary  Kill  Mechanisms:  Traditionally,  component-level  vulnerability  models,  in  the 
man),  calculate  damage  due  only  to  the  main  penetrator  and  behind-armor  debris  (BAD).  These 
mechanisms  are  normally  termed  the  primary-kill  mechanisms.  There  are  well-known  conditions  under 
which  other  phenomena  such  as  blast,  shock,  etc.  (often  termed  secondary-kill  mechanisms)  contribute 
substantially  to  AFV  dysfunction.  Due  to  the  time  constraints  for  developing  the  SQuASH  computer 
model  and  generating  the  Abrams  pre-shot  predictions,  only  the  primary-kill  phenomena  were 
modeled* 

In  the  actual  field  results,  the  secondary-kill  mechanisms,  when  observed,  were  nearly  always  (there 
was  but  a  single  exception)  accompanied  by  damage  due  to  primary-kill  mechanisms.  This 
observation,  if  borne  out  by  future  tests,  indicates  that,  in  the  main,  secondary-kill  mechanisms,  when 
present,  tend  to  kill  (redundantly)  components  already  killed  by  the  primary  phenomena.  Clearly 
future  work  is  needed  to  weigh  the  true  importance  of  secondary-kill  phenomena. 

*  Provisions  h.iw*  !.<*<?»  in  thf*  SQuASH  to  cv-’iluat**  otb«r  <la»iag?  ;»>  n'\v  algorithms  an-J  >up|  <>rting  -lata 

bpooru*  available 
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8.  SUMMARY 


This  summary  reviews  the  two  major  themes  of  the  paper  First,  we  give  the  detailed  nature  of  the 
modeling  paradigms  utilized  in  SQuASH  and  required  of  the  l.F  field  assessment  procedures  for 
comparability  to  exist.  Second,  we  summarize  our  efforts  to  compare  statistically  model  and  test  data 

8.1  Similitude  of  Abrams  LF  Modeling  8c  Field  Assessment: 

In  Sections  2.-4.  we  discussed  the  construction  of  the  SQuASH  model.  The  chief  issues  are  1 
what  constitutes  a  critical  component  and  how  many  such  items  properly  characterize  an  AFY  2  how 
should  the  decision  process  be  constructed  leading  to  the  post-shot  assessment  of  Bernoulli  kill  no-kill 
component  states,  and  what  is  the  proper  configuration  of  the  fault  trees  within  which  the  critical 
components  reside? 

Without  strict  adherence  to  this  particular  view  of  the  vulnerability  world,  t lie  field-based 
assessments  cannot  be  compared  properly  with  the  model  predictions.  We  make  two  related 
observations:  based  on  the  held  assessment  reports  to  date,  we  cannot  ascertain  that  indeed  those 
procedures  are  comparable.  We  quickly  add  that  we  are  not  inferring  that  to  assess  a  \FY  in  a  manner 
inconsistent  with  our  model  is  wrong,  only  inconsistent! 

It  is  worth  noting  that  both  the  description  of  the  model  processes  given  in  Sections  2.-4.  and  the 
manner  in  which  the  SQuASH  computer  mode!  performs  its  calculations  are  bottom-up  in  fashion. 
However,  the  way  in  which  the  Abrams  field  assessors  performed  their  investigations  was  top-down  in 
manner.  Following  a  shot,  the  assessors  generally  attempted  to  operate  all  major  systems  in  order  to 
flag  possible  dysfunction.  If  abnormal  function  was  observed,  then  further  investigations  were 
performed.  This  procedure  could  result  in  missing  killed  components  for  which  redundant  (parallel) 
backups  existed. 

8.2  Statistical  Comparisons  -  Field  8c  Simulation  Data: 

This  paper  reports  our  first  cycle  of  comparing  LF  field  and  simulation  data.  The  Live-Fire  tests 
result  in  many  measures  that  can  be  analyzed  to  give  insight  into  the  modeling  process.  The 
investigation  of  modifications  that  should  be  made  to  SQuASff  to  improve  its  predictive  capability  are 
complex.  Where  disagreements  are  observed  in  the  measures  of  performance,  many  sources  for  the 
variance  exist  and  must  be  investigated  systematically. 

8.2.1  Perforation  and  Catastrophic  Kill:  All  Live-Fire  data  has  been  analyzed  for  perforation 
and  catastrophic  kill.  SQuASH  predicted  perforation  consistently  in  greater  than  95°^  of  the  field  tests. 
In  every  case  SQuASH  predicted  as  the  most  likely  outcome  the  catastrophic  kill  result  observed  in  the 
field. 

8.2.2  Individual  Components:  In  this  first  set  of  comparisons,  twenty-six  of  the  most  important 
critical  components  have  been  analyzed  to  evaluate  SQuASH's  ability  to  predict  individual  component 
damage.  SQuASH  predicted  better  than  ThTc  of  tiie  component  damage  correctly.  Such  estimation 
abilities  are  important  to  the  Army  studies  supporting  spare  parts  inventories  and  repair  parameters. 

Over  all  components  SQuASH  had  the  most  difficulty  predicting  damage  to  cables.  Possible  causes 
include  but  are  not  limited  to  geometric  sampling  problems  related  to  the  very  small  presented  areas, 
component  characterization,  or  the  fragment  densities  used  for  behind-armor  debris  This 

problem  and  its  effect  on  the  component  damage  state  and  LoF"  measures  are  under  investigation 

The  ability  to  predict  individual  component  damage,  although  necessary  for  agreement  between 
model  and  tern  outcome  is  unfortunately  not  sufficient  Svsfein-wide  component  damage  states 
summarized  below,  provide  that  sufficiency 

8.2.3  Secondary  Effects  on  Crew  Members:  Secondary  kill  mechanisms  (eg  blast,  shock 
vaporifics)  a.s  measured  on  one  of  the  most  critical  and  sensitive  of  AF V  components,  crew,  do  not 
appear  significant.  In  nearly  every  case  where  secondary  kill  phenomena  could  be  observed,  component 
kiff  had  already  occurred  na  primary  mechanisms.  !t  would  appear  that  the  com inuim;  focus  of 
damage  characterization  should  remain  on  the  primary  kill  mechanisms. 
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8.2.4  Component  Damage  State:  This  measure  of  performance  is  both  the  prime  characterization 
of  post-shot  damage  from  which  the  other  measures  of  performance  (e  g.  Mobility  LoF.  Firepower  LoF. 
and  Mobility  Firepower  LoF)  can  be  inferred  as  well  as  the  most  difficult  to  predict.  The 
dimensionality  of  the  damage  vector  can  be  very  high.  For  conditions  where  the  munition  overmatches 
the  armor,  we  infer  typically  between  one  million  and  30  million  discrete  damage-state  possibilities  at  a 
given  location  And  yet  an  actual  test  gives  us  only  a  single  field  damage  state  for  comparison  with  all 
of  these  possibilities. 

We  also  note  that,  given  a  consistent  mapping  of  component  damage  state  to  the  LoF  measures, 
agreement  between  the  field  and  SQuASH  component  damage  state  is  both  necessary  and  sufficient  to 
test  consistency  of  the  SQuASH  model  predictions  with  the  test  data.9 

SQuASH  currently  predicts  component  damage  state  correctly  in  approximately  81%  of  the  cases 
tested.  Considering  the  dimensionality  of  the  problem  and  the  fact  that  these  were  the  first  predictions 
made  using  a  newly  developed  stochastic  model,  81%  agreement  is  remarkable.  Component  damage 
state  is  under  further  investigation  for  improvements  to  the  SQuASH  model. 

8.2.5  Loss-of-Functions:  The  LoF  measures  have  been  analyzed  for  all  the  Live-Fire  test  results. 
Although  the  LoF  measures  have  not  yet  been  analyzed  using  the  new  binning  for  crew  incapacitation, 
the  expected  improvement  is  unlikely  to  significantly  change  the  overall  result.  Mobility  LoF  was 
predicted  consistently  in  85%  of  the  Live-Fire  shots.  Only  33%  of  the  predictions  for  Firepower  LoF 
were  consistent  with  the  field  data.  The  dimensionality  of  the  Loss-of-Function  space  is  twenty  bins. 
Many  component  damage  states  map  into  each  LoF  bin.  Considering  the  dimensionality  of  this  space, 
we  reject  the  hypothesis  that  SQuASH  predicts  Mobility  or  Firepower  LoF  consistent  with  the  observed 
Live-Fire  data. 

8.3  Current  Status  &  Follow-on  Effort: 

On  balance,  considerable  progress  has  been  made  in  the  analysis  of  the  Abrams  LF  data.  From  this 
initial  analysis  our  predictive  capability  is  good  in  some  areas.  In  other  instances,  for  example  certain 
individual  component  kills,  it  is  clear  that  we  have  not  done  well,  but  that  good,  or  at  least  better, 
agreement  can  be  achieved  by  modifying  certain  component  PKs.  In  other  areas  of  the  analysis, 
particularly  in  the  vehicle  damage  states,  we  encounter  both  the  damage  characterization  of  greatest 
importance  and  the  greatest  statistical  complexity. 

We  will  continue  to  study  carefully  the  statistics  of  these  damage  states.  Their  number  and 
diversity  taken  together  with  the  mapping  process  to  various  Loss-of-Function  metrics  lie  at  the  heart 
of  the  vulnerability  assessment  process  and  the  use  to  which  these  related  Measures-of-Effectiveness 
(e  g.  M  LoFs,  F  LoFs)  can  be  utilized  dependably.  The  uses,  of  course,  include  the  assessment  of  Live- 
Fire  tests,  and  the  application  of  vulnerability  data  to  wargames,  lethality  optimization,  vulnerability 
reduction,  and  spare-parts  estimation. 


9.  For  a  discussion  of  sufficiency  conditions  for  vulnerability  model  validation,  see  Michael  W  Starks,  Aetimny  tht  Accuracy  of 
Vulnerability  Models  by  Comparison  u-ilh  Vulnerability  Experiment!,  Ballistic  Research  Laboratory  Technical  Report 
#3018.  July  1989 
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APPENDIX:  SAMPLES  OF  OUTPUTS  FROM  SQuASH 

Figure  A- 1  gives  a  histogram  showing  the  distribution  of  residual-penetrator  overmatch.  The 
warhead  is  unspecified  in  order  to  keep  these  results  unclassified.  Ln  general,  these  curves  exhibit 
complex  shapes,  sometimes  with  multi-modal  distributions. 
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Figure  A-l.  Histogram  of  Frequency  of  Occurrence  vs.  residual  penetration.  Because  nine 
different  shot  lines  are  used  (typically  encountering  different  armor  types)  together  with 
variable  warhead  performance,  different  levels  of  overmatch  are  derived. 


This  is  a  natural  consequence  of  the  randomness  of  the  overmatch  together  with  the  grid  ray  data 
derived  over  nine  sample  rays.  Even  though  the  rays  are  separated  nominally  by  three  inches,  different 
combinations  of  armor  are  often  encountered.  The  difference  in  effective  protection  levels  can  lead  to 
significantly  different  residual  magnitudes. 

For  one  sample  calculation  over  the  course  of  1000  code  replications,  some  60  critical  components 
were  assessed  to  have  been  killed  at  least  once.  Table  A-l  lists  these  components.  The  remainder  of  the 
figures  and  tables  in  this  appendix  were  taken  from  Ref.  3. 
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Table  A-I.  Listing  of  all  components  killed  in  at  least  one  of  1000  replications  of  the 
SQuASH  vulnerability  model.  The  columns  give  the  component  identification,  the  total 
probability  of  kill,  the  probability  of  kill  from  the  jet  alone,  and  the  probability  of  kill 
from  fragments  alone,  respectively. 


Component 

Relative  Frequency  of  Damage 

P. 

p. 

p, 

commander 

0.399 

0.000 

0.399 

gunner 

0.995 

0.683 

0.594 

loader 

0.301 

0.000 

0.301 

cable  lw  100-9 

0.018 

0.000 

0.018 

cable  1*101-9 

0.011 

0.000 

0.011 

cable  lwl04 

0.008 

0.000 

0.008 

cable  lwl04 

0.137 

0.000 

0.137 

cable  lwl05-9  main  branch 

0.008 

0.000 

0.008 

cable  lw  107-9 

0.007 

0.000 

0.007 

cable  lwl08-9  to  main  gun 

0.034 

0.000 

0.034 

cable  lwMO-9 

0.552 

0  000 

0.552 

cable  1*201-9 

0.011 

0.000 

0.011 

cable  lw202-9  main  branch 

0.017 

0.000 

0.017 

cable  1*203-9 

0  012 

0.000 

0.012 

cable  1*208-9 

0.309 

0.000 

0.309 

cable  lw209-9 

0.210 

0  000 

0.210 

cable  lw2I0-9 

0.337 

0.000 

0.337 

cable  1*301 

0.158 

0.000 

0.158 

cable  lwJOt 

0.039 

0.000 

0.039 

cable  lw306 

0.017 

0.000 

0.017 

cable  lw309 

0.070 

0.000 

0.070 

cable  IwJlO 

0.027 

0.000 

0.027 

cable  lw3ll 

0.008 

0.000 

0.008 

cable  1*312 

0.012 

QD00 

0.012 

cable  Iw3l6 

0035 

0.000 

0.035 

cable  2wlOS-9 

0.044 

0.000 

0.044 

cable  2wl07-9 

0  009 

0.000 

0.009 

cable  2wlQ8 

0.000 

0.000 

0.006 

cable  2wll2 

0.002 

0.000 

0.002 

cable  2*154-2*155 

0.012 

0.000 

0.012 

hull  distribution  box 

0.003 

0.000 

0.003 

hull  networks  box 

0.012 

0  000 

0.012 

turret  networks  box 

0.040 

0.000 

0.040 

gunner's  primary  sight 

0.025 

0.000 

0.025 

commander’s  gpe  extension 

0.107 

0.000 

0.107 

thermal  image  control  unit 

0.208 

0.000 

0.208 

thermal  receiver 

0.001 

0-000 

0.001 

intercom  amplifier 

0.024 

0.000 

0.024 

gunner’s  intercom  control  box 

0.104 

0.000 

0.104 

loader’s  intercom  control  box 

0.018 

0.000 

0.018 

cable  2*117-9 

0.003 

0.000 

0.003 

hiine  aux  pump  to  filter  man! 

0.003 

0.000 

0.003 

filter  manifold 

0.013 

0.000 

0.013 

h -lines  filter  manifold  to  HDM 

0.018 

0X00 

0.018 

hiine*  filter  manifold  to  HDM 

0.007 

0.000 

0.007 

h -lines  TDM  to  aximuth  servo 

0.003 

0.000 

0.003 

h dines  TDM  to  aximuth  servo 

0.011 

0.000 

0XJ11 

aximuth  gearbox 

0.004 

0.000 

0.004 

manual  aximuth  gearbox 

0.004 

0.000 

0.004 

wiMHsl  aximuth  gearbox 

0.008 

0X00 

0.008 

manual  elevation  pump 

0.015 

0.000 

0.015 

manual  elevation  pump 

0.005 

0.000 

0.005 

gunner’s  control  handle 

0.010 

0.000 

0.016 

commander's  control  handle 

0.073 

0.000 

0.073 

race  ring 

0.013 

0.000 

0.013 

hJine  TDM  to  man  dev  pump  cd 

0.004 

0.000 

0.004 

hiine  check  valve  to  HDM  hyps 

0.020 

0.000 

0.020 

coaxial  ready  ammo  box 

0.052 

0.000 

0X152 

aximuth  gearbox  -  ewi 

0.022 

0.000 

0.022 

commander’s  vision  block  #3 

0.003 

0.000 

0.003 

commander's  vision  block  #2 

0.005 

0.000 

0.005 

commander's  vision  block  #1 

0.004 

0.000 

0.004 

loader’s  eight 

0.017 

0.000 

0.017 

[  line  right  bo*  to  mmifold 

~  Total  Damage  due  to  all  mechanisms 
P ,  -  Damage  due  to  jet 
P t  -  Damage  due  to  fragments 


The  next  two  tables  show  how  SQuASH  output  departs  radically  beyond  other  point-bur-t  models. 
Here  two  classes  of  components  are  examined  separately  by  category.  This  procedure  has  been  adopted 
because  of  the  great  difficulty  in  interpreting  the  results  of  damage  states  across  the  complete  vehicle 
Table  A-II  lists  the  category  of  CREW.  For  this  group,  the  calculated  damage  stares  apply  to  the 
personnel  located  in  the  turret-basket  area.  The  damage  states  derived  from  the  1000  replications  were 
sorted  together  and  then  ranked  from  the  most  to  the  least  likely  in  occurrence  Table  ATI  -hows  that 
the  most  likely  crew  casualty  state  is  for  the  commander  and  loader  not  to  be  incapacitated  and  for  the 
gunner  to  be  incapacitated  That  outcome  occurred  -I G 1  of  the  1000  replications,  for  a  net  probabilitv 
of  46cc.  The  next  most  likely  crew  casualty  state  is  for  the  commander  and  gunner  to  be  incapacitated 
but  not  the  loader.  The  likelihood  of  this  outcome  is  assessed  at  2Jrr  For  this  component  subset. 
SQuASH  predicted  probable  outcomes  for  only  six  of  the  eight  possible  combination-  of  commander, 
gunner,  and  loader. 

Table  A-II.  Damage  states  from  the  SQuASH  simulation  for  the  subset  CREW.  Open 
squares  (□)  indicate  no  component  kill.  Bullets  (•)  indicate  a  component  kill.  The 
component  numbers  correspond  to  the  listing  below  the  table.  The  relative  probability  of 
each  damage  state  is  given  in  descending  order  of  likelihood  (column  state).  The 
cumulative  sum  is  given  in  the  last  column  (sum). 

Group:  CREW 

Damage  States,  sorted  by  likelihood 


Damage  States 

Relative 

Occurrence 

Component  Number 

1  2  3 

state 

sum 

□  •  □ 

0.461 

0.461 

•  «  □ 

0.237 

0.698 

•  •  • 

0.192 

0.890 

□  •  • 

0.103 

0.993 

□  □  □ 

0.005 

0.998 

•  □  □ 

0.002 

1.000 

□  -  component  undamaged 
•  -  component  damaged 

Number  Component 

1  commander 

2  gunner 

3  loader 


The  component  damage  states  for  ARMAMENT,  shown  in  Table  A- II I .  reveal  the  greatest 
complexity  in  damage  states.  This  is  probably  to  be  expected  since  nearly  half  of  all  the  critical 
components  killed  during  the  1000  replications  were  part  of  this  group  .As  seen  in  other  groupings,  the 
most  likely  damage  state  assessed  for  the  20  components  in  ARMAMENT  is  no  damage,  this  for  28*7- 
of  the  outcomes.  The  most  likely  state  exhibiting  damage  occurred  for  five  components  (numbers  (5, 
10-12.  15)  on  78  of  the  1000  replications  for  a  7  8*7  probability  F  rom  here  on  the  20  components  are 
involved  in  a  slow  convergence  to  the  00th  percentile  (sum)  at  the  223rd  damage  state! 

The  final  stages  of  calculation  of  vulnerability  involve  the  various  categories  of  kill  First, 
catastrophic  kill  represents  the  complete  loss  of  the  system,  which  generally  occurs  in  encounters  with 
large-caliber  ammunition  (warhead  and  or  propellant)  or  fuel.  The  probability  of  this  event  is  shown 
in  Fig  A-2c.  For  this  particular  shot,  the  probability  of  a  catastrophic  event  is  assessed  as  zero  Note 


Hi 


aniage  states  from  the  SQuASH  simulation  for  the  subset  AliMAMENl 
and  labeling  follow  the  procedure  used  in  Table  A-1I. 


that  the  histogram  associated  with  K  Kill  can  be  populated  only  in  the  first  and  last  bins  In  other 
words,  catastrophic  failure  either  occurs  or  it  does  not;  the  outcome  is  either  zero  or  one. 

The  other  kill  categories  are  assessed  by  mapping  each  of  the  thousand  damage  states  via  the  DAI. 
over  to  the  appropriate  M-  and  F-Kill  values.  The  category  labeled  M  F  (read  M  OR  F).  by  long¬ 
standing  agreement  with  the  TRADOC  community,  represents  the  larger  of  the  two  values.  It  not 
the  OR  of  the  logical  ( Boolean )  operation. 

We  examine  the  M-Kill  plot  in  Fig.  A-2a.  Here  we  find  the  most  likely  outcome  is  for  about  0  57 
Mobility  Loss-of-Function  (M  LoF),  assessed  at  about  30^  probability  However  the  distribution  is 
extremely  broad  with  approximately  18^  of  the  outcomes  near  the  0.0  bin.  The  expected  M  LoF 
outcome  is  0.36;  inspection  of  the  histogram  shows  that  there  are  approximately  26r?  of  the  outcomes 
near  this  value.  However  the  distribution  is  broad,  and  there  are  a  significant  number  of  occurrences 
away  from  the  mean.  The  corresponding  results  for  Firepower  LoF  are  given  in  Fig.  A-2b  In  this 
histogram,  the  mean  LoF  occurs  in  a  bin  with  a  low  population.  There  is  also  a  significant  probability 

18°o)  that  the  F  LoF  will  be  zero.  The  M.'F  LoF  histogram  is  given  in  Fig.  A-2d.  ^he  M  F  value, 
by  definition,  is  the  larger  of  the  M  and  F  LoFs  on  a  shot-bv-shot  basis.  The  F  LoF  tends  to  dominate 
in  this  case. 
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Figure  A-2.  Histograms  of  various  kill  categories  derived  from  the  SQuASH  simulation. 
The  Mobility  Kill  Loss-of-Function  (LOF)  is  shown  in  a),  the  Firepower  Kill  in  b),  the 
Catastrophic  Kill  in  c),  and  the  Mobility /Firepower  Kill  in  d).  The  means  (expected 
values)  and  standard  deviations  are  given  for  each  plot,  but  are  considered  relatively 
immaterial  for  these  non-parametric  (i.e.  non-gaussian)  statistics. 
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Memex  Corporation 
ATTN:  Charles  S.  Smith 
91  Belleau  Ave. 

Atherton,  CA  94025 

Micro  Electronics  of  North  Carolina 
ATTN:  Gershon  Kedem 
PO  Box  12889 

Research  Triangle  Park,  NC  07709 
MIT 

ATTN:  Dr.  S.  Benton 
RE15-416 

Cambridge,  MA  02139 

The  MITRE  Corporation 
ATTN:  Edward  C.  Brady,  Vice  President 
7525  Colshire  Drive 
McLean,  VA  22102 

NASA-Ames  Research  Center 
ATTN:  Dr.  Alex  Woo 
Mail  Stop  227-2 
Moffett  Fieid,  CA  94035 

NASA-Ames  Research  Center 
ATTN:  Leroy  Presley 
Mail  stop  227-4 
Moffett  Field,  CA  94035 


1  North  Aircraft 

ATTN:  Dr.  Athanosis  Varvatsis 
Mail  Zone  3622/84 
1  Northrop  Ave 
Hawthorne,  CA  90250 

I  Northrop  Corporation 

Electro-Mechanical  Division 
ATTN:  Engh  R.  Byron 
500  E.  Orangethorpe  Ave.,  7270 
Anaheim,  CA  92801 

1  Northrop  Corporation 

Research  and  Technology  Center 

ATTN:  James  R.  Reis 

One  Research  Park 

Palos  Verdes  Peninsula,  CA  90274 

1  Norton  Company 

ATTN:  Ronald  K.  Bart 
1  New  Bond  Street 
Worcester,  MA  01606-2698 

1  The  Oceanus  Company 

ATTN:  RADM  Robert  H.  Gormley, 
(Ret) 

PO  Box  7069 
Menlo  Park,  CA  94026 

1  Okalahoma  State  University 

College  of  Engineering,  Architecture 
and  Technology 

ATTN:  Thomas  M.  Browder,  Jr. 

PO  Box  1925 

Eglin  AFB,  FL  32542 

1  Pacific  Scientific/Htl  Division 
ATTN:  Robert  F.  .Aldrich 
1800  Highland  Avenue 
Duarte.  CA  91010 
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1 


Organization 

Perceptronics,  Inc. 

ATTN:  Dean  R.  Lol'tin 
21111  Erwin  Street 
Woodland  Hills,  CA  91367 

Physics  International 
ATTN:  Ron  Gellatiy 
2700  Merced  Street 
San  Leandro,  CA  94577 

PRI.  Inc. 

ATTN:  W.  Bushell 
Building  E4435,  Second  Floe 
Edgewood  Area-APG,  MD  21010 

RGB  .Associates,  Inc. 

ATTN:  R.  Barakat 
Box  B 

Wavland,  MA  01778 

Rockwell  International 
ATTN:  Dr.  H.  Bran  Tran 
P.O.  Box  92098 
Department  113/GBOl 
Los  .Angeles,  CA  90009 

Rockwell  International  Corporation 
ATTN:  Keith  R.  Rathjen, 

Vice  President 

3370  Miraloma  Avenue  (031-HA01) 
Anaheim,  CA  92803-3105 

Rome  Air  Development  Center 
ATTN:  RADC/'IRRE,  Peter  J.  Costianes 
Griffis  Air  Force  Base,  NY  13441-5700 


Rome  Air  Development  Center 
RADC/OCTM 
ATTN:  Edward  Starczewski 
Building  106 

Griffis  Air  Force  Base.  NY'  13441-5700 
S-Cubed 

ATTN:  Michael  S.  Lancaster 
1800  Diagonal  Road.  Suite  420 
Alexandria.  VA  22314 


No.  of 

C  opies  Organization 

1  Sachs,  Freeman  .Associates,  Inc. 
ATTN:  Donald  W  Lynch 

Senior  Research  Physicist 
205  Yoakum  Parkway.  #511 
.Alexandria,  VA  22301 

1  SAIC 

ATTN:  Dr.  Alan  J.  Toepfer 
2109  Air  Park  Drive.  SE 
Albuquerque,  NM  87106 

1  SAIC 

ATTN:  John  H  McNeilly. 

Senior  Scientist 
1710  Goodridge  Drive 
McLean,  VA  22102 

2  SAIC 

ATTN:  Terry  Keller 
Robert  Turner 
Suite  200 

1010  Woodman  Drive 
Dayton,  OH  45432 

1  SAIC 

ATTN:  David  R.  Garfinkle 
Malibu  Canyon  Business  Park 
26679  W.  Agoura  Road,  Suite  200 
Calabasas,  CA  91302 

1  Sidwell-Ross  and  .‘Associates,  Inc 
ATTN:  LTG  Marion  C.  Ross, 
(USA  Ret) 

Executive  Vice  President 
PO  Box  88531 
Atlanta.  GA  30338 

1  Sigma  Research  Inc. 

ATTN:  Dr.  Richard  Bossi 
8710  148  Avenue.  NE 
Redmond.  W.A  98052 

1  Sikorsky  .Aircraft 

Division  of  United  Technologies 
ATTN:  R.  Welge 
North  Main  Street 
Stratford.  CT  06602 
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1  Simula,  Inc. 

ATTN:  Joseph  W.  Coltman 
10016  South  51st  Street 
Pheonix,  AZ  8504-1 

1  .Alan  Smoien  and  .Associates,  Inc. 
ATTN:  Alan  Smoien,  President 
One  Cynthia  Court 
Palm  Coast,  FL  32027-8172 

3  Southwest  Research  Institute 
ATTN:  Martin  Goland 
Alex  B.  Wenzel 
Patrick  H.  Zabel 
6220  Culebra  Road 
San  .Antonio,  TX  78238 

3  Sparta,  Inc. 

ATTN:  David  M.  McKinley 
Robert  E.  O’Connor 
Karen  M.  Rooney 
4901  Corporate  Drive 
Huntsville,  AL  35805-6201 

3  Structural  Dynamics  Research 
Corporation  (SDRC) 

ATTN:  R.  Ard 

W.  McClelland 
J.  Osborn 

2000  Eastman  Drive 
Milford,  OH  45150 

1  Syracuse  Research  Group 
ATTN:  Dr.  Chung-Chi  Cha 
Merrill  Lane 
Syracuse,  NY  13210 

1  System  Planning  Corporation 
ATTN:  Ann  Hafer 
1500  Wilson  Blvd 
Arlington.  VA  22209 

1  Systems  Science  and  Software 
ATTN:  Robert  T.  Sedgwick 
PO  Box  1620 
La  Jolla.  CA  92038-1620 


2  TASC 

ATTN.  Charles  E  Clucus 
Darrell  James 
970  Mar-Wait  Drive 
Ft.  Walton  Beach,  FL  32548 

1  TASC 

ATTN:  Harry  I.  Nimon,  Jr 
1700  N.  Moore  Street,  Suite  1220 
Arlington,  VA  22209 

1  Technical  Solutions,  Inc 
ATTN:  John  R.  Robbins 
P  O.  Box  1148 
Mesillia  Park,  NM  88047 

1  Tradewavs.  Ltd. 

ATTN:  Joseph  G.  Gorski, 

President 

307F  Maple  Avenue  West 
Vienna,  VA  22180 

2  TRW  Operations  and  Support  Group 
ATTN:  K.  Dankers 

T  Heim 
One  Space  Park 
Redondo  Beach,  CA  90278 

1  United  Technologies  Corporation 
Advanced  Systems  Division 
ATTN:  Richard  J.  Holman 
10180  Telesis  Court 
San  Diego,  CA  92121 

1  United  Technologies  Research  Center 
ATTN:  Dr.  Brian  J.  McCartin 

Senior  Research  Mathematician 
East  Hartford.  CT  06108 

1  University  of  Idaho 

Department  of  Civil  Engineering 
ATTN:  Dr.  Dennis  R.  Horn 
Assistant  Professor 
Moscow,  ID  83843-4194 
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1  University  of  Illinois  at  L'rbana-Champaign 
Department  of  Civil  Engineering 
and  Environmental  Studies 
ATTN:  Dr.  E.  Downey  Brill,  Jr. 

208  North  Romine 
Urbana.  IL  61801-2371 

1  University  of  Illinois 

Department  of  Electrical  and  Computer 
Engineering 

ATTN:  Dr.  Shung-W’u  Lee 
1106  \V.  Green 
Urbana.  IL  61801 

1  The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
ATTN:  Jonathan  Fluss 
Johns  Hopkins  Road 
Laurel.  MD  20707 

1  University  of  Nevada 

Environmental  Research  Center 
ATTN:  Dr.  Delbert  S.  Barth 
Senior  Scientist 
Las  Vegas,  NV  89154-0001 

1  University  of  North  Carolina 
ATTN:  Professor  Henry  Fuchs 
208  New  West  Hall  (035 A) 

Chapel  Hill,  NC  27514 

3  Ohio  State  University 
Electroscience  Laboratory 
ATTN:  Dr.  Ronald  Marhefka 

Dr.  Edward  H  Newman 
Dr.  Prasbhaker  H.  Pathak 
1320  Kinnear  Road 
Columbus,  OH  43212 

3  University  of  Utah 

Computer  Science  Department 
ATTN:  R.  Riesenfeld 
E.  Cohen 
L.  Knapp 

3160  Merrill  Engineering  Bldg 
Salt  Lake  City,  UT  84112 


2  L'niversity  of  Washington 
409  Department  of  Electrical 
Engineering,  FT-10 
ATTN:  Dr  Irene  Peden 

Dr.  Akira  Ishimaru 
Seattle.  WA  98105 

1  Van  Es  Associates.  Inc. 

ATTN:  Dr.  John  D.  Christie 
Vice  President 

Suite  1407,  5202  Leesburg  Pike 
Falls  Church,  V'A  22041 

1  Virginia  Polytechnic  Institute 
and  Stale  University 

Industrial  Engineering  Operations  Research 
Department 

ATTN:  Robert  C.  Williges 
302  Whittemore  Hall 
Blacksburg,  VA  24061-8603 

1  Vought  Corporation 
ATTN:  Paul  T.  Chan 
PO  Box  225907 
Dallas.  TX  75265 

1  XMCO,  Inc. 

ATTN:  LTG  Robert  J.  Baer, 

(USA  Ret),  Senior  Vice  President 
11150  Sunrise  Valley  Drive 
Reston.  VA  22091-4399 

1  XONTECH 

ATTN:  John  Dagostino 
1701  N.  Fort  Myer  Drive 
Suite  703 

.Arlington,  VA  22209 

1  Zernow  Tech  Services,  Inc. 

ATTN:  Dr  Louis  Zernow 
425  West  Bonita,  Suite  208 
San  Dimas.  CA  91773 

2  SLTLV1CE  Engineering 
ATTN:  Jim  Foulk 

George  Lard 

1003  Old  Philadelphia  Road 
Aberdeen.  MD  21001 
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I  Georgia  Technical  Research  Institute 
Systems  and  Technical  Laboratory 
ATTN:  Dr.  Charles  Watt 
1770  Richardsons  Road 
Smyrna,  GA  30080 

1  Duke  University 

Department  of  Computer  Science, 
VLSI  Raycasting 
ATTN:  Dr.  Gershon  Kedem 
236  North  Building 
Durham,  NC  27706 

1  Dr.  Robert  E.  Ball 
642  Tyon  Drive 
Monterey,  CA  93940 

1  Mr.  Michael  W.  Bernhardt 
Rt.  1,  12  Arthur  Drive 
Hockessin,  DE  19707 

1  Mr.  H.  G.  Bowen  Jr. 

408  Crown  View  Drive 
Alexandria,  VA  22314-4804 

1  Vlr.  Harvey  E.  Cale 

2561  Meadowbrook  Lane 
Carson  City,  NV  89701-5726 

1  Mr.  Robert  L.  Deitz 
Perkins  Coie 

1110  Vermont  Avenue,  NW 
Suite  200 

Washington,  DC  20005 

1  Thomas  Hafer 
1500  Wilson  Blvd. 

14th  Floor 

.Arlington,  VA  22209 

1  Mr.  William  M.  Hubbard. 

Consultant 
613  Eastlake  Drive 
Columbia.  MO  65203 

1  Mr.  Charles  E.  Joachim 
PO  Box  631 
Vicksburg,  MS  33180 


No.  of 

Copies  Organization 

1  Dr.  Edward  R.  Jones, 

Private  Consultant 
9881  Wild  Deer  Road 
St.  Louis,  MO  63124 

1  MG  Robert  Kirwan  (USA  Ret) 
10213  Grovewood  Way 
Fairfax,  VA  22032 

1  Donald  J.  Krejcarek 

US  Army  Field  Artillery  Board 
4717  NE  Macarthur  Circle 
Lawton,  OK  73511 

1  Mr.  Robert  B.  Kurtz, 

Private  Consultant 
542  Merwins  Lane 
Fairfield,  CT  06430-1920 

1  Dr.  Roy  A.  Lucht 
Group  M-B  MS-J960 
Los  Alamos,  NM  87545 

1  Mr.  Donald  F.  Menne 
617  Foxcroft  Drive 
Bel  Air,  MD  21014 

1  MG  Peter  G.  Olenchuk  (USA  Ret) 
6801  Baron  Road 
McLean,  V.A  22101 

1  Mr.  Albert  E.  Papazoni 
1600  Surrey  Hill  Drive 
Austin,  TX  78746-7338 

1  Dr.  A.  E.  Schmidlin 
28  Highview  Road 
Caldwell.  NJ  07006-5502 

1  Mr.  .Arthur  Stein. 

Consultant 

30  Chapel  Woods  Court 
Williamsville,  NY  14221-1816 

1  Dr.  Dora  Strother 
3616  Landy  Lane 
Ft.  Worth,  TX  76118 
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Aberdeen  Proving  Ground 
Dir,  USAMSAA 

ATTN:  AMXSY-A,  W.  Clifford 
J.  Meredith 
AMXSY-C,  A.  Reid 
AMXSY-CR,  M.  Miller 
AMXSY-CS,  P.  Beavers 

C.  Cairns 

D.  Frederick 
AMXSY-G,  J.  Kramer 
AMXSY-GA,  W.  Brooks 
AMXSY-J,  A.  LaGrange 
AMXSY-L,  J.  McCarthy 
AMXSY-RA,  R.  Scungio 

M.  Smith 


Cdr,  USATECOM 

ATTN:  AMSTE-CG,  C.  Drenz 
AMSTE-LFT,  D.  Gross 

R.  Harrington 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes. 
Your  comments/answers  to  the  items/questions  below  will  aid  us  in  our  efforts. 

1 .  BRL  Report  Number _ BRL- MR-3814 _ Date  of  Report  MARCH  1990 _ 

2.  Date  Report  Received _ 


3.  Docs  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest 
for  which  the  report  will  be  used.) _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars 
saved,  operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate 
changes  to  organization,  technical  content,  format,  etc.) _ 


Name 

CURRENT  Organization 

ADDRESS  _ _ _ 

Address 

City,  State,  Zip  Code 

7  If  indicating  a  Change  of  Address  or  Address  Correction,  please  pr’vhlc  the  Now  or  Correct 
Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


Name 

OLD  Organization 

ADDRESS  _ 

Address 

City.  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  staple  or  tape  closed,  and  mail.) 


FOl  l>  Hi  KM- 


Department  of  the  Army 


Director 

L'.S.  Army  Ballistic  Research  Laboratory 

aitn:  slcbr-dd  r 

Aberdeen  Proving  Ground,  Ml)  2i(''Lc-50fi6 

OFFICIAL  BUSINESS 


NO  FOSTAGE 
NECESSARV 
IF  MAILEO 
IN  THE 

UNBED  STATES 


BUSINESS  REPLY  MAIL 

FIRST  CUSS  PERMIT  No  000  i.  APG,  MD 


POSTAGE  Will  BE  PAID  BN  ADDRESSEE 


Director 

U.S.  Anny  Ballistic  Research  Laltoralory 

ATTN:  SLCBR-DD  T 

Aberdeen  Proving  Ground.  MD  2100^-9989 


HOLD  Ill-RL  . 


